Numerical and experimental results of a multifrequency optical source with an exceptionally stable channel separation are presented. The system consists of a single master laser and a ring containing an acousto-optic frequency shifter and an optical amplifier. The operation is based on the multiple frequency shift every round trip. We tested a single and double frequency shifter configuration. For the single stage configuration up to 84 spectral lines with stable 1.5 GHz spacing were obtained. Experimental results of the system with two cascaded shifters were demonstrated for the first time and up to 30 optical carrier frequencies with 2.5 GHz channel separation were obtained. The experimental results were in agreement with numerical simulations. Keywords: multi-wavelength source, ultra dense wavelength division multiplexing, erbium doped fiber amplifier.
INTRODUCTION
Wavelength division multiplexing (WDM) allows a large fiber bandwidth to be efficiently exploited by spreading transmitted information over a number of optical channels operating at different frequencies. In all optical networks WDM technology can be also used for packed switching, wavelength routing and as means of the multiple access technique. The number and channel separation depends on a progress of the sources technology. Channel spacing is now 100 GHz on most of the installed networks. The lowest channel spacing of commercially available systems is 25 GHz. The ultra dense WDM (UDWDM) technology required an array of discrete lasers or multifrequency sources with an extreme wavelength stability. In principle, fiber based lasers can offer an optical multifrequency generation. A broad homogenous gain of the erbium doped fiber (EDF) is the main problem to overcome in EDF based optical comb sources [1] [2] [3] [4] .
In this work, we demonstrate theoretical and experimental results of the research on the characteristics of a non-resonant, ring, optical carrier frequency comb generator [5, 6] (Fig. 1 ) with the exceptionally stable 1.5 -3 GHz channel separation.
We investigate two variants with a single and double shifter configuration, Fig. 1 . The single shifter generator consists of a three-port acousto-optic frequency shifter (AOFS), a single master laser (ML), an erbium doped fiber amplifier (EDFA) and a band limiting filter (BLF). Every loop round-trip AOFS splits the optical beam into two and after the amplification and filtration the frequency shifted ray is feedback to the AOFS input. Multiplication of this process results in a generation of an optical frequency comb. The AOFS controlled by a RF generator determines a frequency comb interval and the BLF limits the number of frequency lines. In the double shifter configuration two cascaded AOFS are implemented and additional losses were compensated by the second EDFA.
NUMERICAL RESULTS
The simulation was performed using a rate equation model of EDFA and mathematical models of other optical components (AOFS, ML, BLF). The simulations allowed a full spectral analysis of a comb source. The chosen numbers of spectral lines match the experimental results. Th.B1.6
Single stage AOFS configuration
The results of calculations of an optimised configuration with the interchannel distance of 1.5625 GHz and 11 and 84 spectral lines are shown in Fig. 2 . The 1.5625 GHz channel separation corresponds to the 1/64 of 100 GHz standard ITU frequency grid which allows transmission at 622 Mbps of each optical carrier.
Figure. 2. Optical comb of 11 and 84 lines with channel separation of 1.5625 GHz.
The peak power variation was in the range of 0.1 to 0.3 dB, for 11 and 84 channels, respectively. OCNR is different for different numbers of generated spectral lines and ranges from 40 to 45 dB.
Double stage AOFS configuration
In this configuration an additional frequency shifter and amplifier were added. The resulting channel spacing equals 3.125 GHz (1/32 of standard 100 GHz frequency grid) which allows transmission at 1063 and 1250 Mbps of each optical carrier. Output spectra with 8 and 30 lines are depicted in Fig. 3 . It was possible to obtain the some range of channel power variation and OCNR in the range from 35 to 42 dB.
EXPERIMENTAL SETUPS AND RESULTS
In the experimental setup we use a narrow linewidth tunable laser as the ML and for different set up versions: optical pre-amplifier and double stage EDFA, 0.24 and 1.2 nm width BLF and 1.0 and 1.5 GHz AOFS. A variable coupler was used to balance ML and loop beam powers. The polarization controller PC1 allowed to adjust ML state of polarization (SOP) for the maximum diffraction efficiency, and PC2/3 were used to control the feedback loop polarization. For comb measurements, we constructed a Fabry-Perot etalon based analyzer with the finesse of 300 and FSR adjustable from 20 to 300 GHz .
Problems with low diffraction efficiency and its dependence on the state of optical signal polarization arise when operating AOFS at high frequencies. Consequently, we mapped the diffraction efficiency versus the ICTON 2008 optical wavelength and transducer frequency and measured the value of the polarization depend diffraction efficiency (PDDE) of both AOFS.
Single stage AOFS experiment configuration
A block diagram of the experimental setup is shown in Fig. 4 .
Figure. 4. Block diagram of experimental setup: single shifter configuration.
In the first set up 1.5 GHz frequency shifter was used. The measured value of the polarization depend diffraction efficiency (PDDE) of AOFS1 equals 4.2 dB. The lowest AOFS1 first order output insertion loss was 10.4 dB.
The optical combs of 11 and 84 spectral lines are depicted in Fig. 5 . For higher number or spectral lines generation adjustment of state of polarization in the loop (PC2) turned out to be ineffective as it influences all circulating beams the same way. In the experimental setup for 84 optical carrier frequencies, we propose and implement an diffraction efficiency equalizer.
Double stage AOFS experiment configuration
A block diagram of the experimental setup with two cascaded frequency shifters is shown in Fig. 6 . An additional AOFS2 operates at 1.0 GHz and is characterized by 12.8 dB insertion losses and a very high polarization sensitivity: PDDE equals 15.106 dB. For that reason it was necessary to implement a third polarization controller. Second EDFA (pre-amplifier) was implemented in order to compensate for extra losses. The optical combs of 8 and 30 spectral lines with 2.500 GHz separation are depicted in Fig. 7 . Th.B1.6
Figure. 7. Generated comb spectrum consisting of 8 and 30 lines, double shifter configuration: channel separation -2.500 GHz.
CONCLUSIONS
The results of the simulations of the single stage frequency shifter configuration show that it was possible to achieve a comb spectrum containing up to 84 uniform peaks with the amplitude difference of less than 0.3 dB and OSNR in the range of 40 -45 dB with the frequency separation of 1.5626 GHz. In the experiment, 11 and 84 wavelengths with 1.5 GHz spacing and flatness of 1 -3 dB were obtained. It was shown that the spectrum flatness for moderate PDDE can be improved by implementing an equalizer. For the double frequency shifter configuration 30 spectral lines were obtained. In the experiment the 2.5 GHz separation and the power flatness of 3 dB were achieved.
Flatness observed in the experiment resulted from polarization sensitivity of the frequency shifter and diverse changes of SOP for different generated frequencies. This problem can be solved by the implementation of an all polarization maintaining configuration.
The experimental results were in agreement with numerical simulations. The configuration and operation mode ensure single mode peaks, continuous wave beams, an extremely stable channel separation and can be implemented in the UDWDM systems.
